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HIGH POWER SEMICONDUCTOR LASER WITH A LARGE 
OPTICAL SUPERLATTICE WAVEGUIDE 

Field of the Invention 

The invention relates to high power semiconductor diode lasers of the type 
commonly used in opto-electronics, mostly as so-called pump lasers for fiber 
amplifiers in the field of optica, communication, e.g. for an erbium-doped fiber 
ampbfier (EDFA) or a Raman amplifier. Such lasers usually have a single 
cavity and work in single lateral and vertical mode. They provide a narrow- 
bandwidth optical radiation with a high power output in a given frequency 
band. In particular, the invention relates to such a laser working at wave- 
lengths of more than 1 1 00 nm. 



20 



25 



30 



Background and Prior Art 

Semiconductor lasers of the type mentioned above have, for example, be- 
come important components in the technology of optical communication, par- 
ticularly because such lasers can be used for amplifying optical signals imme- 
diately by optical means. This allows to design all-optical fiber communication 
systems, avoiding any complicated conversion of the signals to be transmitted 
which improves speed as well as reliability within such systems. 

In one kind of optical fiber communication systems, the lasers are used for ~ 
pumping erbium-doped fiber amplifiers, so-called EDFAs, which have been 
described in various patents and publications known to a person skilled in the 
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art. Examples of technical significance are three main types, typically used for 
erbium amplifiers, corresponding to the absorption wavelengths of erbium- 
strained quantum-well InGaAs lasers are used at 980nm; GaAIAs lasers at 
820nm, and InGaAsP and multiquantum-well InGaAs lasers at 1480nm. The 
present invention is especially directed towards the latter type of lasers i e 
lasers for wavelengths of more than 1 1 0Onm and may for example be imple- 
mented in InGaAsP, multiquantum-well InGaAs lasers, or AIGalnAs/lnP at 
1480nm. 

To achieve the desired results with such laser diodes, a low vertical farfield of 
the laser's exit beam is considered advantageous, associated with a large 
vertical extension of the nearfield to obtain low optical power density in the 
laser as well as enhanced coupling efficiency for fiber coupling. In addition, 
low internal losses are essential for efficient high power operation. However, 
it is not an easy task to achieve this for the group of lasers here addressed. 

Here, some remarks on the technical realization of such laser diodes seem 
appropriate. Persons skilled in the art distinguish between the optical 
nearfield, i.e. the optical mode in the laser cavity, and the optical farfield, i.e. 
the mode outside the laser. The lateral dimension of the nearfield is deter- 
mined by the lateral structure of the.laser diode. This is done to avoid laser 
operation in higher order modes. The lateral dimension is usually several mi- 
crometers, typically between 2 to 5 micrometers. Due to the difficult realiza- 
tion of efficient laser structures with large vertical optical nearfields, the di- 
mension in the vertical direction typically is much smaller, usually below 1 mi- 
crometer, often in the range of tenths of micrometers. 



Since the vertical dimension of the nearfield is much smaller than the lateral 
dimension, the corresponding farfields have large vertical farfield angles, while 
30 their lateral angles typically are much smaller. This is a consequence of the 
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direction of the be a m when exiting the laser cavity. As a result, in waveguide 
lasers of the type discussed here, the nearfield generally has the shape of a 
honzontally extending ellipse, whereas the farfield has the shape of a verti 
cally extending ellipse. This situation is based on a horizontally located laser 
as shown in Fig. 1. 



25 



Opfca, fibers, the other essentia! component of fiber networks, generally have 
a crcular cross section which unfortunately does not match the elliptic cross 

10 section of the farfield. Significant efforts have been made to avoid the losses 
occurring by this mismatch, because finally the power coupled into the fiber 
- and not the "raw" power of the laser diode - determines the performance of 
a fiber network. One of these efforts is to improve the coup.ing between the 
laser's farfield and the fiber. Shaping the form of the farfield thus appears to 

15 be a particulary promising approach. 

To match the cross section of the optical fiber, a reduction in the vertical 
farfield is beneficial. This can be achieved by realizing a large vertical 
nearfield. Such a large vertical extension of the elliptic optical nearfield can 
be obtained by weakly guiding the optical mode in the vertical direction. To 
obtain a high efficiency especially for long cavities which are essential for 
good heat removal, it is necessary that the laser structure has low internal op- 
tical losses. For /nP-based material systems it is known that the main contri- 
bution to optical losses arises from free carrier absorption predominantly in the 
p-type doped regions. Therefore, the mode is preferably guided in the 
n-doped part of the laser structure in an asymmetric waveguide arrangement. 

To guide the mode in a large waveguide, a small contrast between the indices 
of refraction of the waveguide layer and the surrounding (cladding) layers is 
required. In InP based materials, it is beneficial to choose cladding layers 



20 



BKM P611 



5 



17.03.03 



cladding of the laser structure nearby the active waveguide. While increasing 
the size of the mode in such an asymmetric waveguide, these waveguides 
tend to be unstable against changes in the index of refraction (e.g. due to 
heating or change in carrier density) since the additional waveguide needs to 
become very large and in a significant distance to the active waveguide. Us- 
ing the approach of the large optical superlattice (LOSL) of the present inven- 
tion, the mode is guided much more stably since the effect of the additional 
waveguide is distributed over a large waveguide with an averaged low index 
contrast to the cladding. 

A number of solutions have been tried to solve the problems above. None of 
these solutions, however, worked satisfactorily. For a better understanding, 
some of the most relevant solutions tried are described below. 

One solution, described by T. Namegaya, R. Katsumi, et al in IEEE Journal of 
Quantum Electronics, V. 29 No. 6 , June 1993, pp 1924-1931 under the title 
"1 .48 urn high-power GalnAsP-lnP graded-index separate-confinement- 
heterostructure multiple-quantum-well laser diodes", uses symmetric small 
waveguides. These are waveguides with a dimension much smaller than the 
material wavelength. They loosely guide the mode and can be used to realize 
large nearfields and hence small farfields. Unfortunately, these waveguides 
exhibit high optical losses associated with the high free-carrier absorption from 
the overlap of the mode with the p-doped material. Therefore, in InP based 
material systems, these lasers typically show low efficiency. 

Another known solution uses symmetric large waveguides containing low- 
index material as described by M. Maiorov et al. in Optical Fiber Communica- 
tion Conference and Exhibit, 2001. OFC 2001 , V. 3 , 2001, pp.WC2 -1-3 
vol.3, entitled "High power InGaAsP/lnP broad-waveguide single-mode ridge- 
waveguide lasers". These are undoped waveguides with a dimension much 
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larger than the material wavelength; they again loosely guide the mode and 
can thus be used to realize large nearfields and hence small farfields. Al- 
though optical losses in the undoped waveguides are low, these waveguides 
are not very suitable for the following reasons: 

- the control of the low index material is difficult; 

- due to the large undoped regions, additional unwanted voltage drops 
occur; 

- for lasers which should run in lateral single mode operation, it is required to 
etch into the waveguide to obtain sufficiently strong lateral guiding. This leads 
to both manufacturing problems (since control of etch depth for example in 
ridge waveguide lasers is difficult) and reliability issues (due to the higher con- 
centration of carriers at the etched surface of the laser). 

A further solution are asymmetric waveguides using an additional waveguide 
as shown in US patent application 10/141914 by B. Reid et al, assigned to the 
assignee of the present invention. These devices have an additional 
waveguide most beneficially placed in the n-part of the laser structure ena- 
bling reduced optical losses. The additional waveguide works as a slight dis- 
turbance for the mode and is therefor limited to a reduced thickness and a 
distance from the active waveguide disabling to reach very low farfield angles. 
At extended size and distance of the additional waveguide, such structures 
are subject to instabilities leading to degradation of the performance, espe- 
cially when the index is changed, e.g. due to heating or change in carrier 
density. 

A still further solution tried digital alloys and small electronic superlattices. 
The idea was that a low average index of refraction can be obtained by alter- 
nating layers (most often binary or ternary alloys) with a thickness on the order 
of the de-Broglie wavelength of the carriers (electrons) in the semiconductor 
material, resulting in small electronic superlattices. This can also be obtained 
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by alternating the layers on an extremely fine scale, the thickness being in the 
range of monolayers, i.e. by making a digital alloy as described by A. Ginty et 
al in "Long wavelength quantum well lasers with InGaAs/lnP superlattice opti- 
cal confinement and barrier layers", Electronics Letters, V. 29, No. 8, 15 April 
1993, pp 684 -685. Both methods are used to produce an average electron 
property, i.e. an average bandgap energy. In addition, the first method is typi- 
cally carried out as a resonant structure providing an additional energy gap for 
carriers as shown by R.V. Chelakara et al in "Enhancement of potential barrier 
height by superlattice barriers in the InGaAsP/lnP materials system", Elec- 
tronics Letters, V. 31, No. 4 , 16 February 1995, pp 321 -323. However, none 
of the two methods is suitable for the much larger dimensions required for op- 
tical guiding. This is due to the large number of interfaces associated with this 
technique, interfaces potentially lead to reduced electron mobility and dis- 
torted morphology. In addition, to achieve the desired growth is difficult since 
accurate control of the thickness of the layers is required to obtain a required 
average index of refraction. 

Another solution to obtain a large vertical farfield is a spot-size converter as 
disclosed by M. Wada et al in "Fabrication and coupling-to-fibre characteristics 
of laser diodes integrated with a spot-size converter having a lateral taper" 
IEE Proceedings in Optoelectronics, V. 144, No. 2 , April 1997, pp 104 -108. 
This solution uses the effect of instabilities associated with the guiding of the 
vertical mode in asymmetric structures with additional waveguides to suppress 
the guided mode towards the substrate into a large additional waveguide be- 
low the active waveguide. This has to be done adiabatically and requires ad- 
ditional processing or growth steps. In addition, the spot-size converter as 
part of a laser diode is passive, making such a device less efficient for use as 
a high power laser diode. 
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A further solution consists in providing an anti-resonant reflecting optical 
waveguides (ARROW). Such a solution is described by M. Galarza et al in 
"Mode-expanded 1.55-/spl mu/m InP-lnGaAsP Fabry-Perot lasers using AR- 
ROW waveguides for efficient fiber coupling", IEEE Journal on Selected Top- 
ics in Quantum Electronics, V. 8, No. 6 , November/December 2002, pp 1389 
-1398, and by A.M. Kubica in "Design of antiresonant reflecting optical 
waveguides with an arbitrary refractive index profile core layer" at the Lasers 
and Electro-Optics Society Annual Meeting 1994, LEOS '94 Conference Pro- 
ceedings. IEEE, V. 2, 31 October-3 November 1994, pp 63 -64. Such vertical 
ARROW structures have been realized in glass as well as in semiconductor 
materials. In these structures, the relevant layers need to have specific di- 
mensions so that the mode experiences a resonance. These required dimen- 
sions restrict the design possibilities and render ARROW structures unusable 
for many practical purposes. In addition, ARROW structures show in practice 
only limited performance, mostly due to the fact that the resonance condition 
needs to be obtained for the whole operating regime while the enhanced, i.e. 
the "guided", mode is basically a lossy mode. 

Generally, a "high slope efficiency" of a laser, i.e. a high radiation output vs. 
current input, obviously requires low internal losses to reach high output pow- 
ers before the output power starts to get degraded due to thermal effects 
caused by heating. On the other hand, efficient heat removal requires a large 
chip size, which unfortunately reduces the slope efficiency since less light can 
exit the cavity. Thus, the internal losses of a laser and how to minimize them 
play not only a dominating role in laser design today, but actually limit the 
achievable power output. Knowing that, the more important it becomes to use 
the laser's output most efficiently and avoid any unnecessary losses. Here, a 
laser according to the invention, by providing a reduced vertical farfield, sig- 
nificantly improves the coupling efficiency between the laser and the fiber and 
therefor represents an important step forward in laser design. 
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Thus, it is the main and principal object of the invention to provide a solution to 
the problems addressed further above and overcome the disadvantages and 
limitations of the described prior art designs. This is achieved by devising a 
5 simple and reliable high power laser structure whose manufacturing is easy 
and offers a high yield. Such a laser, to be useful especially for pump lasers 
in optical fiber communication systems, e.g. high power EDFAs and Raman 
pump laser designs, must provide a stable output and, at the same time, must 
show leading edge performance. 

10 

Brief Description of the Invention 

The novel high power laser structure according to the invention has a continu- 
15 ous active region and an optical waveguide whose vertical part consists or 
comprises an optical superlattice, whereby the superlattice itself consists of or 
includes an arrangement of layers with alternating indices of refraction. This 
enables a low vertical farfield and reduced^optical losses, as needed for high 
power operation, e.g. as pump sources for Raman amplifiers. The large opti- 
20 cat superlattice (LOSL) is designed to produce the desired low vertical farfield 
by weak vertical guiding of the optical mode which results in a widened 
nearfield mode. This is due to the low average index of refraction obtained 
from the individual layers of the large optical superlattice (LOSL). 

25 The provision of a LOSL in the laser structure overcomes the problems asso- 
ciated with the growth of material having a low index of refraction, i.e. close to 
the value for the cladding layers. This is especially the case for quaternary 
alloys, e.g. in the material system InP/lnGaAsP for quaternary alloys with 
photoluminescence wavelength significantly smaller than 1 1 00 nm. In this 

30 wavelength region, it is well known that good control of the composition is 
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hard to achieve. With the present invention, the individual layers of the LOSL 
are made of material whose composition is easy to control, and the layers 
have dimensions in the material-wavelength of the light or smaller, i.e. the 
wavelength in vacuum divided by the index of refraction of the material. 
5 Therefore, an averaging of the optical properties occurs while the electronic 
properties remain those of the individual layers. Varying the thickness of the 
individual layers allows an easy adjustment of the LOSL's average index of 
refraction. It also allows a profile shaping of the guided zero and higher order 
modes by intentional thickness variations. 

10 

Using this technique allows the relative simple fabrication of large optical 
waveguides with constant, or linearly graded (G-LOSL), or arbitrarily shaped 
(S-LOSL) index profiles. The LOSL is especially advantageous for structures 
which support asymmetric guiding of the mode, i.e. where the mode is guided 
1 5 mainly in the n-doped part of the laser structure to reduce free-carrier absorp- 
tion. This can be achieved by an asymmetric large optical superlattice (A- 
LOSL). 

A LOSL according to the invention can also be combined with a grating, e.g. a 
20 Bragg grating, for use in a distributed feedback laser (DFB). 



Brief Description of the Drawings 

25 The function and a preferred embodiment of the invention are described below 
with reference to the drawings. The drawings are provided for illustrative pur- 
poses and are not necessarily to scale. 

Fig. 1 shows a schematic cross section of a semiconductor laser diode with 
30 the various layers, including a superlattice according to the invention; 
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Fig. 2 displays a refraction index distribution of a large asymmetric waveguide 
with low index material according to the prior art; 

Fig. 3 depicts a first refraction index distribution of a waveguide, here with an 
asymmetric large optical superlattice (LOSL) according to the invention; 

Fig. 4 shows a second refraction index distribution of a waveguide, here with 
a linearily graded large optical superlattice (G-LOSL) according to the 
invention; and 

Fig. 5 displays a third refraction index distribution of a waveguide, here with 
an asymmetrically shaped large optical superlattice (S-LOSL) according 
to the invention. 

Detailed Description of Embodiments 

Fig. 1 shows the basic layout, i.e. the cross section of the essential parts, of a 
semiconductor laser diode according to the invention, together with the distri- 
bution of the associated refraction index on the right. Starting from the bot- 
tom of the structure shown in Fig. 1 , the n+ InP layer represents the InP sub- 
strate for the epitaxial growth of the laser structure, followed by an n InP layer, 
both known from the prior art. On this lower cladding layer, the optical super- 
lattice is located, followed by the laser's active region. On top of the active 
region, another cladding layer, here of p InP is situated, forming the laser 
ridge with a narrow p+lnGaAs layer on top of the ridge. The whole structure 
carries a metallization on top. 
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Thus, the novel laser design incorporates an active waveguide embedded in 
p-doped and /7-doped cladding layers. The focal point of the present invention 
is the large optical superlattice (LOSL), located between one of the cladding 
layers and the active waveguide. Though the LOSL in Fig. 1 is shown be- 
tween the nJnP layer and the active region, it can as well be located between 
the pJnP layer and the active region, i.e. "on top" of the active region, or on 
both sides of the active region. 

However, it appears that most beneficially the LOSL is arranged asymmetri- 
cally, as asymmetric large optical superlattice (A-LOSL) towards the n-side of 
the structure, thus enabling the mode guiding predominantly in the n-doped 
layers of the structure where the optical losses are low. 

The diagram in Fig. 1, right of the laser, shows the distribution of the refractive 
index along the lasers cross section, i.e perpendicular to the laser's longitudi- 
nal extension, with the higher index depicted as a value more to the left. The 
orientation of the diagram in Fig. 1 was selected to stay with the given orienta- 
tion of the laser. Thus, the higher index values extend to the left, this is indi- 
cated by the arrow "Index of Refraction". The lower the index, the higher is 
the energy of the bandgap of the semiconductor material ; this is indicated by 
the arrow on top of the diagram, labeled "Energy". 

As indicated in the refractive index diagram of Fig. 1, the large optical super- 
lattice (LOSL) has a structure providing an alternating distribution of the re- 
fractive index in the vertical extension of the laser. This is one possible im- 
plementation of the core innovative idea of the present invention, leading, in 
its variations and adjustments, to the above described advantages over the 
prior art. 
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Starting from this general principle, i.e. the provision of a large optical super- 
latt,ce (LOSL) adjacent the active layer of the laser, the possible variations 
shall now be discussed with reference to the remaining figures. 

Fig. 2 shows - in a diagram similar to the diagram of Fig. 1 , but now in hori- 
zontal orientation - the distribution of the refractive index across a laser diode 
as used in the prior art. An n-cladding layer (shown on the right) on a (not 
shown) substrate is followed by a large asymmetric waveguide with a low in- 
dex of refraction. Located on the latter is the active region and the quantum 
well (QW), followed by another cladding layer, usually a p-cladding layer. 

As discussed above, the invention replaces the essentially homogeneous 
waveguide according to the prior art by at least one inhomogeneous 
waveguide, structured in a particular way, namely as large optical superlattice 
structure (LOSL) with a defined overall index of refraction. 

In brief, this LOSL guides the mode very weakly in the vertical direction and 
thus enables a large expansion of the mode in the nearfield which in turn 
leads to a compressed vertical farfield. 

The LOSL according to the invention is preferably a multi-layer structure. It 
may be doped to avoid problems associated with the carrier transport at the 
interfaces between the individual layers. The thickness of each individual 
layer is designed to result in a very low averaged index of refraction - pref- 
erably close to the index of the cladding layers. The LOSL thus replaces a 
homogenous material of a low index, which material is difficult to grow, espe- 
cially for the desired large thickness of the order of several microns. 

The thicknesses of the individual layers of the LOSL are chosen such that the 
30 guided mode, i.e. the nearfield mode "sees" the average of the optical proper- 
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ties of the LOSL layers, i.e. averages the indices of refraction. The electronic 
properties however remain those of the individual layers. 

Typical thicknesses of the LOSL layers range from 20nm to 500nm. The 
lower limit is given by the onset of quantum effects resulting in undesired ef- 
fects like resonant reflection of carriers. The upper value is determined by 
the wavelength of the light in the material where smoothing of the optical 
properties of the individual layers seen by the nearfield mode starts to be in- 
complete. 

Fig. 3 shows the index of refraction index for a constant, "averaged" design 
of the LOSL. The refractive index and the thickness are the same for each of 
the various alternating LOSL layers, resulting in a constant average index of 
refraction for the whole LOSL structure. 

In addition to a more or less homogenous average value of the index of re- 
fraction effected by the LOSL described above in Fig. 3, it is also possible to 
particularly shape the nearfield mode profile for the zero order and higher or- 
der modes. 

Fig. 4 shows one possibility of implementing such a LOSL. Using a LOSL 
structure with one and the same refractive index for each of the layers, but 
different thicknesses, in particular choosing the thicknesses for one of the lay- 
ers decreasing from the active region towards the neighboring cladding layer, 
results in a linearly graded optical superlattice, a G-LOSL. Such a G-LOSL 
exhibits a refractive index profile so-to-speak gradually terminating from the 
waveguide towards the cladding layer. 

Fig. 5 shows another shaped index profile also enabling discrimination of the 
higher order modes in potentially multimode vertical waveguides. Using a 
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LOSL structure with one and the same refractive index for each of the layers 
but wrth a thickness maximum in the center of the LOSL, results in a shaped ' 
optical superlattice, an S-LOSL. 

It will, be apparent to a person skilled in the art that the discrimination of verti- 
cal modes can be further enhanced by choosing and modifying doping levels 
along the vertical direction of the waveguide together with constant or modi- 
fied thicknesses of the LOSL layers. Generally one would chose to p,ace high 
dppmg levels at those points in the vertical LOSL waveguide where the inten- 
sity of the higher order modes is high and where the intensity of the zero order 
mode is low. 



- Higher order modes show multiple maximums of intensity whereas the zero 
order mode only shows a single maximum. Thus the most suitable positions 

5 for placng high doping levels for mode discrimination are those positions 

where the intensity of the higher order mode is high and, at the same time the 
overlap of the higher order mode and the zero order mode is minimal. In this 
case, the higher order mode experiences efficient damping due to the addi- 
tional losses without sacrificing the low internal losses for the zero order 

) mode. 



At present, the most preferred way of embodying the invention is the following. 

The LOSL concept in //Abased compounds is realized with an a priori knowl- 
edge of the active region of the laser. This determines the laser's emission 
wavelength and a first approximation of the desired effective index of refrac- 
tion for the fundamental mode of the device. 

Then a pair of materials is chosen for the LOSL, materials that can be grown 
in the same growth run as the active structure of the laser is made. The best 
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choice consists in having one material with an index of refraction less than the 
first index approximation mentioned above, and another material with an index 
of refraction greater than said first approximation. 

However, considerations apart from the purely optical ones may limit the pos- 
sibilities of choice. The feasibility of the epitaxial growth of the materials has 
to be taken into account. The best choice consists in taking two materials 
whose lattice parameters equals strictly the lattice parameter of the semicon- 
ductor substrate on which all layers are epitaxially grown using one of the 
known techniques. Obviously, none of the two materials chosen for the LOSL 
should possess a bandgap energy less than the energy of the photons com- 
posing the laser beam. The electrical and thermal properties of the two LOSL 
materials have to be compatible with the usual properties expected for mate- 
rial used in a high power laser diode. In particular the n-doping level in both 
materials should be nearly equal to the level of the cladding layers of the laser 
structure. 

For a laser having a 1400nm to 1550nm emission wavelength, the most suit- 
able materials are among the so called "InP lattice-matched" InGaAsP quater- 
naries, having an emission wavelength between 940nmm and 1300nm at 
room temperature and being /7-type doped between 1x10 17 cm" 3 and 5x10 18 
cm" 3 . 

For a laser having a 1200nm to 1300nm wavelength, the best choice of mate- 
rials is among those "InP lattice-matched" InGaAsP quaternaries having an 
emission wavelength between 940nm and 1100nm at room temperature and 
being /7-type doped between 1x10 17 crrf 3 and 5x1 0 18 cm* 3 again. 

Ideally one of the two materials is InP itself because of its superior quality in 
series resistance, carrier confining properties, and good thermal conductivity. 
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The chosen total thickness of the LOSL is based on the specific design point 
desired. For a laser having 1400nm to 1550nm wavelength, the total thick- 
ness of the LOSL preferably ranges between 1000nm and 7000nm. 

The chosen total number of alternations between the two LOSL depends on 
the limitations imposed by the growth system for the crystal quality in an epi- 
layer with multiple interfaces. In the embodiment describes so far, between 4 
and 20 such alternations may be used. 

The choice of the LOSL's refractive index profile depends on the complexity of 
the manufacturing process desired. A constant profile has the big advantage 
of simple realization, but graded profiles, in particular linear or parabolic pro- 
files as explained above, result in better lasers. Using a graded profile, the 
locally averaged index of refraction should be higher adjacent the active re- 
gion of the laser diode and lower at the opposite end, i.e. more distant from 
the laser cavity, of the LOSL. 

The person skilled in the art should have no problem in determining the best 
choice, depending on the desired functionality of the laser diode. The result- 
ing sequence of alternating layers of the two materials with varying thickness 
can be calculated using standard algorithms applied on the given material in- 
dex of refraction values. Attention must be paid to keep each individual thick- 
ness of the lower bandgap material above the typical thickness where a quan- 
tization of the transverse electron movement occurs, i.e., above typically 
20nm. Attention should also be paid to choose LOSL layers thinner than typi- 
cally one optical wavelength, i.e. less than about 500nm. 



For a pair of consecutive layers of different materials, the local dilution factor 
is defined as the thickness of the lower band gap material divided by the sum 
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of the thicknesses of the two layers. For a high laser efficiency and for 
achieving low vertical beam divergence and/or a low internal loss level, the 
dilution factor should be between 5% and 30%. 

For a LOSL according to Fig. 3 , the following materials and dimensions are 
selected. 

The lower index material are layers of InP with a thickness of 430nm. The 
higher index material is InGaAsP with a composition according to a wave- 
length of Q1.10 and a thickness of 70nm. A total of 10 alternating layers re- 
sults in a total thickness of the LOSL of 5000nm. All layers would be n-doped 
at around 5x1 0 17 cm" 3 . 

For the functionality of the LOSL, the n-doped InP layer between the InP sub- 
strate and the LOSL is uncritical and can be chosen to about 1.5um and 
doped to about 5x1 0 17 cm" 3 . 

An active region with multiple quantum wells embedded in a thin waveguide 
region, a p-doped upper cladding layer and an InGaAs contact layer complete 
the structure. This is essentially known in the art. 

Realizing such a laser as a lateral single mode laser diode, for example by 
realizing a ridge waveguide into the p-doped cladding layer, one would ad- 
vantageously use a thin etch-stop layer of InGaAsP at the desired position in 
the p-cladding. 

With such a laser structure realized as a ridge waveguide laser diode, one 
obtains in excess of 1 W at 20°C under continuos wave operation. Lateral 
and vertical farfield patterns amount to 7° and 13.8° full width at half maximum 
(FWHM), respectively. The emission is single mode in both lateral and verti- 
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cal direction for all drive currents. This is a significant improvement over prior 
art approaches which result in power levels around 400-700mW with vertical 
farfields as large as 25° FWHM, or even 40°. Due to the low internal losses, 
slope efficiencies in excess of 0.45W/A for 3.6mm long laser devices have 
been obtained with lasers according to the present invention. With prior art 
devices of such a cavity length, efficiencies of only around 0.27 to 0.35W/A 
were reached. 



In principle, any of the various embodiments described above will look similar 
or even identical to the schematic structure shown in Fig. 1, and a person 
skilled in the art should have no problem to determine and vary the technical 
details, in particular the spatial arrangement. As clearly described, the im- 
portant aspects of the invention are the unusual selection of various dimen- 
sions contrary to the state-of-the- art. These unusual dimensions provide the 
desired improved function of the present invention. 
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CLAIMS 

1 . A high power semiconductor laser for generating a laser beam 
of a given wavelength, said laser comprising 

- an active region layer, 

- one or more cladding layers, and 

- a large optical superlattice structure (LOSL) between said active region 
layer and at least one of said cladding layers, said superlattice structure 
being or comprising layers of at least two superlattice materials differing in 
their respective refraction indices, resulting in a predetermined overall re- 
fraction index of said superlattice structure. 

2. The laser according to claim 1, wherein 

- the superlattice structure comprises at least two, preferably alternatingly 
stacked, superlattice layers with different refraction indices, which in their 
totality define the refraction index of the optical superlattice structure. 

3. The laser according to claim 2, wherein 

- the different refraction indices are effected by different material composi- 
tion and/or doping levels and/or different dimensions, in particular thick- 
nesses, of the at least two superlattice materials 

4. The laser according to claim 2 or 3, wherein 

- each of the at least two superlattice layers has the same thickness, this 
thickness preferably being constant through the superlattice. 

5. The laser according to claim 2 or 3, wherein 

- the superlattice layers have different thicknesses, said different thick- 
nesses preferably being constant through the superlattice. 
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6. The laser according to claim 2 or 3, wherein 

- at least one of the superlattice layers has, in particular vertically, varying 
dimensions, starting with a thicker layer adjacent the active region layer to 
a thinner layer at the cladding layer. 

7. The laser according to claim 2 or 3, wherein 

- at least one of the superlattice layers has, in particular vertically, varying 
dimensions, with minimum thickness layers adjacent the active region 
layer and the cladding layer and a maximum thickness inbetween. 

8. The laser according to claim 2 or 3, wherein 

- the thicknesses of the superlattice layers are chosen to result in a prede- 
termined index of refraction over the optical superlattice layer. 

9. The laser according to any of the claims 1 to 8, wherein 

- /nP-based compounds are used for the at least two superlattice layer ma- 
terials, preferably one of said superlattice materials being InP. 

10. The laser source according to any of the claims 1 to 8, wherein 

- the doping level, preferably /?-doping level, in the at least two superlattice 
layers is approximately the same. 

1 1 . The laser according to any of the claims 1 to 8, wherein 

- the doping levels, preferably n-doping levels, in the at least two superlat- 
tice layers are different, but the dimensions and/or materials of the at least 
two superlattice layers are approximately the same. 

12. The laser according to any of the claims 1 to 8, wherein 

- the doping levels, preferably n-doping levels, in the at least two superlat- 
tice layers are chosen to be high at positions where the intensity of higher 
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order modes is high and where the overlap of the higher order modes with 
the zero order mode is low, but the dimensions and/or materials of said at 
least two superlattice layers are approximately the same. 

5 1 3. The laser according to any of the claims 1 to 8, wherein 

- for a laser having a wavelength of about 1400nm to 1550nm, the superlat- 
tice layer materials are chosen from InGaAsP quaternaries having an 
emission wavelength between 940nmm and 1300nm and being n-type 
doped between about 1x10 17 crrf 3 and 5x1 0 18 cm" 3 

10 

14. The laser according to any of the claims 1 to 8, wherein 

- for a laser having a wavelength of about 1200nm to 1300nm, the superlat- 
tice layer materials are chosen from InGaAsP quaternaries having an 
emission wavelength between 940nmm and 1100nm and being n-type 

15 doped between about 1x1 0 1 7 cm" 3 and 5x1 0 1 8 cm" 3 . 

15. The laser according to any of the claims 1 to 8, wherein 

- the lattice parameters of the superlattice layer materials are at least ap- 
proximately equal to the lattice parameter of an adjacent cladding layer. 

20 

16. The laser according to any of the claims 1 to 8, wherein 

- the n-doping level of the superlattice layer materials is at least approxi- 
mately equal to the n-doping level of an adjacent cladding layer. 

25 17. The laser according to any of the claims 1 to 8, wherein 

- the optical superlattice structure comprises between 4 and 20 layers of at 
least two superlattice layers or materials with different refraction indices. 
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18. The laser according to any of the preceding claims, wherein 

the total thickness of the optical superlattice structure is between 
1000nm and 7000nm for a laser emitting at a wavelength between 
about 1400nm and 1550nm. 



( 
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ABSTRACT 

HIGH POWER SEMICONDUCTOR LASER WITH A LARGE 
OPTICAL SUPERLATTICE WAVEGUIDE 

5 

The invention relates to high power semiconductor diode lasers of the type 
commonly used in opto-electronics, mostly as so-called pump lasers for fiber 
amplifiers in the field of optical communication, e.g. for an erbium-doped fiber 
amplifier (EDFA) or a Raman amplifier. Such a laser, having a single cavity 
10 and working in single transverse mode, is improved by placing a multilayer 
large optical superlattice structure (LOSL) between its active region and at 
least one of the usually provided cladding layers. This LOSL provides for a 
significantly improved shape of the exit beam allowing an efficient high power 
coupling into the fiber of an opto-electronic network. 

15 



(Fig. 1) 



THIS PAGE BLANK (uspto) 



# < 



BKM P611 



1/5 



Energy 



nniuuu - 



Index of 
Refraction 



03 



O 
0 

0 

b 



< 

CO 

CD 
c 



CL 



15 



. £= 
CD 
=3 

o 

-a 
c 

CO 

o 

CD 

q: 

CD 
> 

< 



<D 
O 

& 
JO 

a3 

(/) 

~co 
o 

CL 

O 



a. 



CL 

+ 



.2) 



o 

\n 

£= 
CD 

E 
b 

cd 

CO 



uojsuaujja |B0!^J9A 



THIS PAGE BLANK (uspto) 



2/5 



_03 

o 

I 



CD <- 

? .2 

O) o 
CD CO 
> 4= 

<D <D 

8 J 

CD £ 
05 > 



CD 

■g 

D) 
CD 

> 

05 

CD 
> 

03 



a 



C 

-a 
jo 

o 
i 

Q_ 



^ 



THIS BLANK (uspto) 




g 

o 
. i 

Q. 



uoipejjey p xapu| 



HIS PAGE BLANK (uspto) 



BKM P611 



4/5 



o 

£ 

CD 



O 

X 
CD 

CD ' 

O) 

05 
i— 

CD 
> 
05 



C 
T5 

_co 

o 
i 



CD 
O 

' 

i_ 

CD 
Q_ 
=5 
(/) 

"CO 
O 

*-•— » 
Q_ 
O 

CD 
O) 

_co 

T3 
CD 
"O 



CO 

c 



CD 

■g 

'id 

CD 
CD 
> 
CO 

<: 

CD 
> 

O 
CO 



a 

+ 



O) 

c 

TJ 
_C0 
O 
Q_ 



c 
o 

; 

0) 
O 
CL 

To 
o 

CD 

> 



uojpejpy jo xapui 



HIS PAGE BLANK iuspto) 



5/5 



T3 

O 
i 

Q_ 



o 

"(7) 
o 

CL 

~03 
O 

•e 

> 



< — 

uoipejjay jo xapu| 



rnSE BLANK (USPTO) 



